Background. Acute kidney injury (AKI) requiring renal replacement therapy (RRT) is associated with high in-hospital morbidity and mortality in critically ill patients. Long-term outcomes have received little attention. Methods. The aim of this study was to characterize AKI-chronic kidney disease (CKD) nexus in critically ill patients with AKI (RIFLE class F). We performed a single-centre prospective observational study of 425 consecutive critically ill patients with AKI requiring RRT. None of these patients had pre-existing kidney disease. Primary outcomes were vital status and renal function at hospital discharge and at 5 and 10 years of follow-up. Results. The overall in-hospital mortality of the study cohort was 47%, the mortality rates at 1, 5 and 10 years were 65, 75 and 80%, respectively. At hospital discharge, recovery of renal function was complete in 56% of survivors. None of these patients developed CKD during follow-up. Ninety percent of the 100 survivors with partial recovery of renal function had ongoing CKD during long-term follow-up. CKD progressed to end-stage renal disease (ESRD) in 12 patients (3% of the cohort or 5% of survivors). The patients with post-AKI CKD had a higher prevalence of hypertension, a higher rate of fatal cardiac diseases and a higher all-cause death rate. Conclusion. Long-term survival of critically ill patients with AKI requiring RRT is poor and determined by the development of de novo CKD. There is a need for close follow-up of patients surviving AKI to prevent progressive CKD and to reduce associated lethal cardiac events.
Introduction
Acute kidney injury (AKI) occurring in the setting of intensive care medicine (ICU) complicates the clinical course of approximately 40% of ICU patients [1, 2] . Its incidence is rising due to more aggressive diagnostic and therapeutic interventions in an ageing population with multiple comorbid diseases [3] . On average, 5% of ICU patients with severe AKI require renal replacement therapy (RRT) [4, 5] .
AKI rarely develops as isolated organ dysfunction, but presents with a broad spectrum of severity, and has heterogeneous unpredictable clinical outcomes [6] . Undoubtedly, this patient population has a poor short-term outcome with excessive in-hospital mortality rates (40-60%), prolonged ICU and hospital stay as well as reduced health-related quality of life [7] .
Prior to the era of chronic kidney disease (CKD) staging, it was generally accepted that patients who survive an episode of AKI had a 'good' renal outcome as assessed by a rapid return of renal function towards baseline values in most patients and by a low incidence of end-stage renal disease (ESRD) [8] .
Traditionally it was thought that AKI was reversible and, as a consequence, survivors of AKI were not followed up. As recently as 2005, an epidemiologic surveillance study reported that 'although the majority of patients with severe AKI will die, most survivors will become independent from RRT within one year', but it did not mention the level of kidney function regained [9] .
The systematic review and meta-analysis reported by Schmitt et al. [10] found that there is impaired recovery of kidney function after AKI in the aged (65 years and older). The recognition of age-related functional and structural alterations of human kidneys is of clinical importance, as the prevalence of elderly individuals admitted to hospital continues to increase over time, as does the incidence of AKI in these patients.
More recently, however, a number of studies assessing large-scale database cohorts of patients demonstrated that patients who survive AKI have a significant risk for the development of advanced stages (4/5) of CKD. In one of the first analyses linking AKI to progressive CKD, Ishani et al. [11] assessed a random sample of Medicare beneficiaries. They found that the adjusted hazard ratio for developing ESRD was 41 for patients with AKI on CKD relative to those patients without either acute or CKD. It was 13 for patients with AKI and without previous CKD, and 8.4 for CKD without AKI. Because this study utilized diagnostic codes, it is difficult to determine the proportions of patients who suffered AKI and then progressed directly to ESRD when compared with patients who suffered AKI, recovered renal function and then progressed to ESRD.
Lo et al. [12] , utilizing a database from the health insurer Kaiser Permanente, evaluated retrospectively the risk of progressive CKD in a cohort of patients with baseline estimated glomerular filtration rate (eGFR) of at least 45 mL/min/1.73 m 2 . In this study, the investigators found that an episode of dialysis-requiring AKI was associated with a 28-fold increase of developing advanced CKD and a 2-fold increase in mortality compared with patients who did not suffer dialysis-requiring AKI.
Extending these lines of investigations, Bucaloiu et al. [13] retrospectively analysed the impact of AKI on longterm mortality and progressive kidney disease using a hospital database. The authors limited their analyses to patients with no evidence of pre-existing kidney disease who manifested complete recovery of kidney function after AKI. A total of 1610 discharged patients with reversible AKI (mostly AKIN stage I) were successfully matched with 3652 control patients who had not experienced AKI. Reversible AKI was associated with significant risk of de novo CKD and death. The authors identified numerous predictors of de novo CKD, including increasing age, lower baseline eGFR, burden of comorbidities and severity of AKI. However, it is important to recognize that retrospective database studies use codes for AKI and do not give the causes of AKI. They often lack actual baseline eGFR (within two months prior to renal injury), do not differentiate between CKD stages and underestimate the burden of comorbid disease and its effects on renal function. The recent meta-analysis published by Coca et al. [14] identified AKI as an independent risk factor for CKD, ESRD, long-term non-renal morbidity and death.
Palevsky [15] suggested two alternative models for the relationship among patient risk factors, development of AKI, and de novo CKD. According to the first model, risk factors predispose to the development of AKI. The development of AKI mediates the development of subsequent CKD, which increases mortality risk. The alternative model suggests that risk factors for the development of AKI are also risk factors for the subsequent development of CKD and mortality. In the second model, AKI may be either a direct mediator for the development of CKD and mortality or only a marker of risk. Whether or not AKI is a marker or mediator, there is a need for prospective follow-up for patients who sustain an episode of AKI.
The aims of our investigations were to quantify longterm mortality and incidence of de novo CKD in critically ill patients with AKI necessitating RRT. The analyses were based on the 10-year follow-up summary data from our prospective cohort study, the interim analyses at 1 and 5 years have been published [16, 17] .
Materials and methods

Study design
This prospective single-centre 10-year follow-up observational study was carried out according to the principles of the Declaration of Helsinki. The nature of the study was explained in detail to the patients or their next of kin; they all consented to participate in the investigations. Great attention was paid to the use of non-identifiable data exclusively. The internal ethical board approved the study protocol [16] .
Study cohort. Inclusion criteria, renal characteristics of patients, indication for initiation of RRT as well as the performance of RRT have been previously described in detail [16] . Briefly, 425 critically ill patients with severe AKI necessitating RRT at the dialysis unit of the University Hospital Munich-Innenstadt (1990-2001) formed the cohort. None of the patients had radiological signs of CKD or persisting functional abnormalities (urine microscopy, urine dipstick proteinuria, microalbuminuria defined as more than 30 mg/L at two evaluations within 3 months prior) or decreased glomerular filtration rate (GFR <90 mL/min/ 1.73 m 2 ). The GFR values were measured by creatinine clearance from 24-h urine or calculated by the CockroftGault formula. The values were obtained from measurements performed within 3 months prior to initiation of RRT.
Only patients with a clinical diagnosis of acute tubular necrosis (ATN) participated in the cohort study. Presumed ATN was differentiated from other causes of AKI by detailed and accurate medical history, thorough physical examination, laboratory tests and imaging studies. A fractional excretion of sodium of more than 2% and the presence of granular casts on microscopic examinations of the urine were considered typical for ATN. None of the study patients underwent a kidney biopsy. A total of 143 patients with pre-existing CKD, or with AKI due to other causes than ATN, were excluded from the investigations. The severity of AKI at initiation of RRT was defined by the RIFLE classification scheme. All patients had either an acute increase in serum creatinine three times above baseline or anuria for 12 h (RIFLE Class F).
The indications for the initiation of RRT were volume overload with pulmonary oedema inadequately controlled with diuretics; hyperkalaemia refractory to conservative measures; the need for hyperalimentation in the presence of insufficient urinary output; uraemic signs or symptoms for which uraemia could not be ruled out as a precipitating cause; and/or a blood urea nitrogen concentration >100 mg/dL [15] .
Outcome parameters. The primary outcome variables of the study were specified in advance as (i) in-hospital allcause mortality, (ii) long-term survival, (iii) recovery of renal function at hospital discharge and (iv) development of de novo CKD.
Clinical data during hospital stay were recorded at the day of initiation of RRT. In-hospital outcome (death, survival) and recovery of renal function at discharge were taken from the patient's medical record. Information related to long-term outcome (survival, eGFR) was obtained from the family doctor annually for a follow-up period of 10 years.
The follow-up of patients was performed by (a) annual calls to the patients' family and (b) by an annual questionnaire sent to their treating physicians.
All patients were informed at initiation of the study period about the purpose and the necessary data collection for follow-up. The large majority of the survivors (226 patients) lived in the area in and around Munich. The death of the patient was either confirmed by the family or doctor or taken from the death register. Around 50% took up the offer to have their initial follow-ups performed in the out-patient department of our university. Almost all patients felt that the frequent follow-up contacts functioned for them as continued specialized care. Very few patients moved from Munich to another area in Germany. Their addresses were given to the follow-up centre. The follow-up at 10 years was mostly performed by the treating physicians (general practice, internal medicine practice, nephrologists in those with kidney dysfunction) of the patients.
Definition of recovery of renal function from AKI
Recovery of renal function was defined as complete if the decreased glomerular filtration rate returned to the pre-AKI baseline level of eGFR. Partial recovery of renal function was defined as persistent change of serum creatinine concentrations to more than 0.3 mg/dL above baseline, but without continued requirement for RRT. CKD was defined and staged according to the National Kidney Foundation (NKF) Clinical Practice Guidelines for CKD [18] . ESRD was defined as stage 5 of CKD maintained on regular dialysis.
Statistics
Statistical analyses were performed with SPSS for Windows (Version 15, SPSS, Chicago, IL, USA). Continuous variables were reported as mean ± SD. Categorical data were expressed as proportions ( percentage). Fisher's exact test was used to analyse the categorical data. Multivariate logistic regression analysis was performed to identify independent determinants of long-term mortality of hospital survivors. A two-sided P-value of <0.05 was considered statistically significant.
Results
Characteristics of the cohort at initiation of RRT
The cohort consisted of 425 medical and surgical ICU patients with AKI secondary to clinically diagnosed ATN and a need for RRT (RIFLE Class F). The study population was characterized by a high mean age, heavy burden of comorbid diseases (cardiovascular, metabolic, pulmonary) and severe underlying illness ( Table 1) . None of the patients had pre-existing kidney disease. They all had normal GFR. Clinically diagnosed ATN arose in the presence of ischaemia (cardiovascular surgery, septic or cardiogenic shock), sepsis or nephrotoxins or often combined insults. However, no patient had more than one episode of AKI during the hospital stay. AKI presented in all patients as part of a multiple organ failure syndrome. In total, 75% of the patients required mechanical ventilation, 58% needed vasopressor support and 48% of the patients had oliguria at initiation of RRT. The main mode of RRT was intermittent haemodialysis (Table 1) . RRT was initiated when one of the classical indications was present. Its frequency was prescribed according to the need of the patient (either alternate days or daily). The prescribed doses were a single-pool K t /V urea of 1.3 ± 0.3 (delivered dose sp K t /V 1.1 ± 0.3) for intermittent haemodialysis (IHD) and an effluent volume rate of 24.0 ± 2.4 mL/kg/h (delivered 20.5 ± 3.5 mL/kg/h) for continuous veno-venous haemodialysis (CRRT).
Completeness of follow-up
None of the study patients was lost for follow-up.
Mortality of critically ill patients during in-hospital stay and long-term follow-up (Figure 1).
The overall in-hospital mortality was 47%; the 1-, 5-and 10-year mortality rates were 65, 75 and 80%, respectively (Table 2 and Figure 2) . The corresponding mortality rates of survivors were 34, 53 and 62% (Table 2) . Major clinical causes of deaths in survivors were congestive heart failure, acute myocardial infarction and sudden death (65%).
Long-term renal function in survivors of an AKI episode requiring RRT
At hospital discharge, recovery of renal function was complete in 56%, i.e. 126 of the 226 survivors (assessed by eGFR). None of these 126 patients developed CKD during the 10 year follow-up period. Partial recovery of renal function was documented in 100 of the patients discharged from hospital (44%). During the first year of follow-up of these patients, low eGFR improved in 26 patients, normalized in 10 patients, showed no change in 56 patients and progressed in 8 patients. Thereafter, impaired eGFR remained stable or showed progression. In the subgroup of 90 patients with initial partial recovery of renal function from AKI, in 12 patients ESRD occurred within the follow-up period (Figure 3) . None of these patients had suffered a second episode of AKI. There were significant differences in the prevalence of chronic arterial hypertension among patients with normal renal function and those with CKD (45 vs. 76%, P < 0.001). At the end of the 10-year follow-up, 85 patients of the 226 survivors were still alive. The majority of long-term survivors had normal renal function, five patients had CKD stages 2-4 and eight patients underwent maintenance dialysis.
The mortality rate of survivors regaining normal eGFR after AKI was significantly better than that of survivors with CKD (46 vs. 83%, P < 0.001). Multivariate logistic regression analysis incorporating the variables age, gender, APACHE II score, comorbid disease index, mode of RRT, setting of AKI showed that independent predictors of long-term mortality were de novo CKD, extra-renal comorbid disease and surgical setting of AKI (Table 3) . It should be noted that the subgroup of patients with sepsis was relatively small (35%) and the majority of these patients died during the hospital stay. Thus these survivors were too small a cohort to reach significant conclusions.
Discussion
Our prospective single-centre cohort study of 425 consecutive critically ill patients without evidence for pre-existing CKD demonstrates that AKI requiring RRT has significant long-term negative implications. AKI per se drives the excess in-hospital mortality of these patients and also increases the risk for long-term death. There is no doubt that AKI is causally associated with long-term outcomes and not simply a marker for unmeasured risk factors in a sicker patient population. The analysis of renal recovery from AKI in ICU patients without prior kidney disease clearly showed that partial recovery of renal function at hospital discharge was followed by progression to CKD.
AKI requiring RRT is associated with poor survival in ICU patients. The present report is the first dealing prospectively with the association between long-term mortality after critical illness and AKI requiring RRT. We found fatality rates in our ICU patients of 75% at 5 years and 80% at 10 years after initiation of RRT. These results are in line with published survival rates of 16-47% at 5 years [19] [20] [21] [22] or of 17% at 10 years [23] . Variations in the longterm survival among studies utilizing different research methods are likely caused by the combined effects of differences in case mixture and demographic variables (severity of illness and burden of comorbidity). Furthermore, published survival analyses varied in the extent of loss to follow-up, restriction to homologous groups (cardiac surgery, >65 years), and the use of administrative codes for AKI, acute illness or pre-existing comorbidity [24] . Our cohort consisted only of critically ill patients with defined extra-renal pre-existing diseases, a clear classification of AKI (RIFLE Class F) necessitating RRT, and a complete follow-up. The survival analysis of our ICU cohort suggested a three-phase pattern of death after AKI requiring RRT. Phase 1, during the index ICU and hospital stay, was associated with a dismally high case-fatality rate. In phase 2, from hospital discharge and lasting several years, there is an excess of deaths in survivors compared with comparable ICU patients without AKI [22] . The duration of this phase differs among studies depending on the cause of critical illness. In phase 3, up to 10 years observation, the survival curves of our ICU patients flattened. Major determinants of long-term mortality of survivors of an AKI episode were de novo CKD, comorbidities and setting of AKI in our study population and in retrospective analyses [8, 19] . Although in our patients who died, no autopsy was performed, a significant proportion of the deaths are believed to have been caused by cardiac diseases. This observation is in accordance with findings reported by other authors that myocardial infarction and heart failure are more frequent in this population [22, 25] .
Traditionally, AKI was considered a reversible condition, as GFR recovered in most of the survivors discharged from hospital. However, recovery of renal function is directly related to the cause of AKI [26, 27] and to a large extent to pre-existing CKD [28] . The frequency of ESRD in survivors of AKI due to ATN has been shown to be low, if pre-insult glomerular filtration had been low in the normal range [27, 29] . None of our patients had pre-existing CKD; they all had clinically diagnosed ATN as a cause of AKI. At hospital discharge, recovery of renal function was complete in 56% of surviving patients as assessed by serial determinations of eGFR. None of the patients discharged with normal eGFR showed any deterioration in renal function during their follow-up. ESRD secondary to progressive CKD occurred in 12 patients (3%) of the total cohort or 5% of all survivors. Serial measurements up to 10 years documented that in progressive CKD, eGFR declined continuously rather than abruptly.
There is broad experimental support for a causal link between AKI and post-AKI-CKD. Numerous studies demonstrate that AKI can induce permanent damage to the microvasculature and subsequent abnormalities in kidney structure and function. Through inflammation and fibrosis, the residual kidney damage can lead to progressive structural kidney damage, which may then predispose to faster decline of GFR by worsening hypertension [30, 31] which are well-known risk factors for cardiovascular disease.
The prospective design, long-term follow-up and completeness of data are the strength of our analysis. The data set may be of value for treatment decisions in the ICU or the discussions with patients or their relatives about the prognosis of AKI, at least in patients with normal GFR prior to the renal insult(s).
However, our investigations have some limitations. By nature, observational studies cannot prove that AKI plays a causal role in long-term outcomes of critically ill patients. However, the data obtained by our cohort study provide several lines of evidence, that AKI is not a shortterm illness, but a renal syndrome with truly linked longlasting effects on patient outcomes. Secondly, as this was a long-standing single-centre study, results may not be replicable in other settings. However, our cohort of aged surgical and medically critically ill patients with a burden of comorbid diseases reflects well the characteristics of current patient populations treated in mixed ICUs showing similar short-term outcomes [26, 32] . Randomized studies are needed to provide definitive proof for the AKI-CKD nexus.
There is an unmet need for strategies to prevent the development of AKI, to hasten the recovery of renal function and to minimize the adverse outcomes following AKI. Survivors of an episode of AKI should be closely followed-up after discharge to detect early development of CKD and its detrimental cardiovascular effects on longterm survival [33] .
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